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Lentiviruses, among which is caprine arthritis encephalitis virus (CAEV), are known to concomitantly assemble and bud at
the plasma membrane of infected cells, in a C-type defined pathway. Electron microscopy analysis of CAEV-infected cells
demonstrated viral particles budding at the plasma membrane and into intracellular membrane-surrounded vesicles.
Furthermore, nonenveloped immature virus-like particles, resembling intracytoplasmic type-A particles (ICAPs), accumulated
within the cytoplasm of those cells. Fractionation on sucrose density gradients of cytoplasmic lysates from CAEV-infected
cells revealed that enveloped immature or mature viral particles had a density of 1.16–1.17 g/ml, whereas ICAPs sedimented
at a density of 1.2–1.27 g/ml. Endogenous reverse transcriptase activity was only associated with the 1.16–1.17 g/ml density
particles despite the presence of viral RNA in both populations. The intracellular enveloped particles were found to be
infectious. The CAEV Gag precursor by itself was shown to direct assembly, budding, and release of immature virus-like
particles when expressed in goat primary synovial membrane cells using the same pathways of assembly and budding as
observed in CAEV-infected cells. These data suggest that CAEV assembly, driven by the Gag precursor, could unusually
proceed via two simultaneous pathways characteristic of type-C and type-B/D retroviruses.
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Caprine arthritis encephalitis virus (CAEV) is a mem-
ber of the lentivirus genus of retroviruses which infects
goats throughout the world and induces progressive
inflammatory diseases (Narayan et al., 1992). It is closely
related to the ovine maedi visna virus (MVV) and the
similar genetic organization of their genomes (Saltarelli
et al., 1990; Sonigo et al., 1985) allow their classification
among complex retroviruses (Coffin, 1992). The lentivirus
genus also includes the different immunodeficiency-in-
ducing viruses among which are the human immunode-
ficiency virus (HIV) and the simian immunodeficiency
virus (SIV). Retroviruses can also be classified according
to their morphogenetic pathways and virion morphology
as determined by electron microscopy (Swanstrom and
Wills, 1997; Vogt, 1997). Two major patterns of assembly
have been described. Type-B/D retroviruses assemble
immature viral particles in the cytoplasm, called intracy-
toplasmic A-type particles (ICAP), prior to envelopment
by budding at the plasma membrane. Prototypic type-B
and type-D retroviruses are mouse mammary tumor virus
(MMTV) and Mason–Pfizer monkey virus (M-PMV), re-
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434spectively. Type-C retroviruses and lentiviruses are
known to concomitantly assemble and bud at the plasma
membrane. Extensive studies have since demonstrated
that the Gag proteins of most retroviruses, when ex-
pressed in the absence of all other viral components, are
sufficient to direct the assembly, budding, and release of
virus-like particles (VLPs) (Hunter, 1994; Kra¨usslich and
Welker, 1996; Wills and Craven, 1991). Despite little se-
quence homology, the overall organization as well as
functional domains of retroviral Gag molecules are rela-
tively well conserved and it is clear that determining
signals, specific of each Gag protein, are responsible for
the type-C or type-B/D morphogenesis pathways (re-
viewed in Swanstrom and Wills, 1997; Vogt, 1997).
In CAEV- or MVV-infected cells or tissues, early and
more recent electron microscopy studies revealed un-
usual features of assembly and budding for type-C ret-
roviruses/lentiviruses. Interestingly, in addition to virion
budding at the plasma membrane, CAEV or MVV was
also described to bud and accumulate into intracytoplas-
mic vesicles of monocyte-derived macrophages, alveolar
macrophages, or synovial membrane cells (Crawford et
al., 1980; Dahlberg et al., 1981; Dawson et al., 1983;
Gendelman et al., 1986; Lairmore et al., 1987; Lee et al.,
1996; Narayan et al., 1980, 1982; Takemoto et al., 1971;
Woodard et al., 1982). Furthermore, intracytoplasmic ac-
cumulation of ICAP-like particles was also reported in
these same cells (Crawford et al., 1980; Dawson et al.,
435DIFFERENT SIMULTANEOUS LENTIVIRUS ASSEMBLY PATHWAYS1983; Gendelman et al., 1986; Lee et al., 1996; Narayan et
al., 1980; Takemoto et al., 1971; Woodard et al., 1982) as
well as in neural tissue taken at necropsy of a CAEV-
infected goat (Perk, 1999). Other lentiviruses such as
equine infectious anemia virus (EIAV), bovine immuno-
deficiency virus (BIV), or SIV were also described as
producing intracytoplasmic particles beside classical
type-C assembly and budding (Gonda, 1992; Munn et al.,
1985; Weiland et al., 1977). In this study, we used CAEV-
infected goat primary synovial membrane cells as a
source of cytoplasmic lysate to further characterize
these different intracellular assembled forms of CAEV.
Moreover, in order to investigate the role of the Pr55gag in
the morphogenesis and assembly of CAEV, we studied
the expression of this protein precursor in the same
cells.
Our results demonstrated that the Pr55gag of CAEV,
although a nonmyristilated protein (Schultz et al., 1988;
Towler et al., 1988), is able to drive assembly and
budding at membrane structures since transmission
electron microscopy revealed the same pictures in
CAEV-infected or Pr55gag-expressing cells. Sucrose den-
sity gradient fractionation of cytoplasmic lysates from
CAEV-infected cells, combined with protease or deter-
gent treatment, allowed us to differentiate intracellular
enveloped immature and mature particles from intracy-
toplasmic nonenveloped ICAP-like structures. Each of
these structures was demonstrated to have encapsi-
dated viral genomic RNA, as well as a functional reverse
transcriptase (RT) activity. However, only the intracellular
enveloped particles were infectious. From these results,
we conclude that ICAP-like structures may represent
assembly forms of CAEV, implying that some lentiviruses
might have type-C and type-B/D retrovirus features.
RESULTS
CAEV-infected CFSM cells show an atypical lentivirus
assembly pattern
In order to better characterize the assembly pattern of
CAEV during its replication cycle, thin sections of CFSM
cells infected with the infectious molecular clone derived
from the CAEV Cork strain (Saltarelli et al., 1990) were
processed for transmission electron microscopy as well
as for immunogold staining. Characteristic type-C cres-
cent budding of viral particles could be observed at the
plasma membrane of the cells (Figs. 1A, 1B, 1D, and
1G–1I, black arrowheads), as well as mature viral parti-
cles, of about 100 nm diameter, in the intercellular space
(Fig. 1A). Simultaneous budding (black arrowhead) and
release of immature and mature viral particles were also
detected into intracellular membrane bounded vesicles
(Figs. 1B and 1C). Electron microscopy pictures also
showed intracytoplasmic accumulation of closed or
opened spherical immature-like particles of 60–80 nm
diameter, as well as tubular structures (Figs. 1D and 1E)resembling those resulting from the assembly of trun-
cated forms of the Gag precursor of RSV or HIV (Camp-
bell and Vogt, 1995). A larger magnification (Fig. 1F)
provides evidence of the lack of membrane surrounding
these assembled structures. Immunogold labelling of
thin sections using a monoclonal antibody recognizing
the mature p28 capsid (CA) protein or its precursor form
Pr55gag (MacGuire et al., 1987) revealed that these struc-
tures had incorporated Gag antigens (Fig. 1G). In some
instances these structures were seen near vesicular
membranes (Fig. 1H, white arrowhead), while character-
istic type-C retrovirus budding was occurring at the
plasma membrane of the cell (black arrowhead). In other
cases, these immature-like particles were present under
the plasma membrane (Figs. 1I and 1J, white arrow-
heads) in the vicinity of conventional type-C retrovirus
budding or release (black arrowheads). However, we
could not positively detect budding and release of these
structures at these sites, as is the case for type-B/D
retroviruses. These intracytoplasmic structures were ab-
sent from noninfected cells (data not shown). To rule out
the possibility that intravesicular type-C budding and
release could be due to endocytosis of membrane-asso-
ciated particles, the surface of CAEV-infected CFSM
cells was labeled with ferritin before processing for
transmission electron microscopy. Endocytic vesicles
were stained with ferritin (Figs. 1K and 1M, arrow),
whereas type-C budding occurred at the membrane of
ferritin-free vesicles (Figs. 1K and 1I, arrowhead). Our
observations and the fact that ICAP-like structures were
also reported in synovial membrane cells infected with
the CAEV Cork biological isolate (Narayan et al., 1980)
suggest that this virus developed unusual assembly
pathways. In this way, combined type-C concomitant
assembly and budding and intracytoplasmic assembly
with similar morphology to intracytoplasmic type A par-
ticles described for type-B/D retroviruses might be an
integral part of viral morphogenesis.
Characterization of intracellular assembled CAEV
particles
According to the morphological observation, two dif-
ferent intracellular species of assembled particles seem
to coexist in CAEV-infected CFSM cells: ICAPs and in-
travesicular immature or mature viral particles. We fur-
ther determine the density and the presence or absence
of a lipidic membrane enveloping these different parti-
cles, assuming that ICAP-like structures should be mem-
brane-free and thus, sensitive to protease digestion,
whereas intravesicular viral particles should be protease
resistant due to the presence of a surrounding lipid
bilayer. For this purpose, CAEV-infected cells were lysed
and the postnuclear supernatant (PNS) was submitted to
a discontinuous 10–62% sucrose density gradient. This
kind of cell lysis and PNS fractionation under conditions
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436 HAZIZA ET AL.previously used to separate cytoplasmic organelles re-
sulted in less than 1% contamination of each fraction by
plasma-membrane-derived material (Gorvel et al., 1991).
FIG. 1. Transmission electron microscopy on CAEV-infected prima
embrane and mature viral particle in the intercellular space; (B, C) in
D) intracytoplasmic accumulation of ICAP-like structures and type-C b
F) higher magnification of the boxed area in e, showing the absence
CAP-like structures and intravesicular budding using an anti-p28 mAb;
nd type-C budding (black arrowhead); (I, J) ICAP-like structures under
rrowhead); (K) ferritin-labeled CAEV-infected cell with intravesicular bu
nlarged in M); black bar 5 100 nm.igure 2 shows the CAEV mature CA p28 protein content
f the collected fractions resolved by SDS–PAGE and
f
Pisualized by immunoblotting. In untreated PNS (Fig. 2A),
ost viral proteins sedimented in fractions 6–13 at a
ensity of 1.15–1.23 g/ml with a peak of mature p28 CA at
t synovial membrane cells. (A) Crescent shape budding at the cell
cular budding (black arrowhead) and release of mature viral particles;
(black arrowheads); (E) higher magnification of the boxed area in D;
mbrane around the ICAP-like structures; (G) immunogold labeling of
plete ICAP-like structures near intracellular vesicles (white arrowhead)
membrane (white arrowheads) near crescent-shaped buddings (black
arrowhead, enlarged in L) and ferritin-labeled endocytic vesicle (arrow,ry goa
travesi
udding
of me
(H) com
the cellraction 8 (d 5 1.16 g/ml). Some precursor protein
r55gag was also detected in fractions 11–13 (d 5 1.2–
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437DIFFERENT SIMULTANEOUS LENTIVIRUS ASSEMBLY PATHWAYS1.23 g/ml). To identify the fractions containing mem-
rane-free assembled particles, a protease treatment
as applied to the PNS previous to the sedimentation
radient. As can be seen in Fig. 2B, the viral protein
etected was essentially the mature p28 present in frac-
ions 2–9 (d 5 1.07–1.18 g/ml), indicating that most of
the mature core proteins were associated with envel-
FIG. 2. Sucrose density gradient fractionation and Western blot analy
untreated (A), trypsin-treated (B), or Triton X-100 treated (C) before gra
Fractions were collected from each gradient and numbered from top toped particles, while the Gag precursor form was mainly
expressed by nonenveloped structures that might corre-spond to the observed ICAPs (Figs. 1D–1F). In previous
studies on lentiviral protein assembly, it was described
that, unlike immature viral particles, mature HIV-1 parti-
cles were easily disrupted by nonionic detergent (Park
and Morrow, 1992; Wang and Barklis, 1993) and that
nonenveloped immature assembled HIV-1 particles have
higher density than enveloped ones (Lingappa et al.,
he PNS from the cytoplasmic lysate of CAEV-infected cells. PNSs were
actionation. Viral Gag proteins were revealed using an anti-p28 mAb.
m (1–13). 1, cell lysate from CAEV-infected cells.sis of t1997). Taking advantage of this, we treated PNS of in-
fected cells with the nonionic detergent Triton X-100
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438 HAZIZA ET AL.before fractionation on a sucrose gradient. Figure 2C
shows that viral proteins could only be detected in frac-
tions 10–13 at a density of 1.2–1.27 g/ml, with a strong
expression of Pr55gag compared to the low level of p28
etected only in fractions 10 and 11. These detergent-
esistant fractions could account mainly for the ICAPs,
ut also the immature intravesicular viral particles which
ould be resistant to disruption by a nonionic detergent.
ndeed, the complexes in the untreated PNS sendiment-
ng in fractions 6–9 (Fig. 2A) were detergent sensitive
nd could be composed mostly of enveloped mature
articles that budded into intracellular vesicles. To rule
ut the possible detection in these experiments of virus
ttached to the cell membrane, rather than intracellular
e novo formed viral particles, a control infection exper-
ment was performed. CFSM cells were infected with
AEV for 2 h at 4°C before lysis and fractionation. West-
rn blot analysis of the obtained sucrose gradient frac-
ions did not allow any detection of viral proteins (data
ot shown). Our results demonstrated that ICAP-like
tructures could be distinguished from immature or ma-
ure intravesicular CAEV particles by their density, the
bsence of membrane surrounding the assembled cap-
ids, but also by their content in uncleaved Pr55gag. Since
the different intracellular viral structures seemed to be
the result of concomitant assembly pathways in infected
cells, we wondered whether the CAEV Pr55gag could
drive this phenomenon in the absence of any other viral
protein.
The Pr55gag of CAEV is able to self-assemble into
virus-like particles when expressed into goat
primary synovial membrane cells
FIG. 3. Transmission electron microscopy of goat primary synov
recombinant attenuated vaccinia MVA-T7 polymerase and transfection
arrowhead) and ICAP budding at the cell membrane (white arrowhead
accumulation of ICAP-like structures; (D, E) immunogold-labeling of VLInfection of CFSM cells with the MVA attenuated vac-
cinia strain allowed expression of the T7 polymerasewhich in turn drove the expression of the transfected
CAEV gag gene cloned under the T7 promoter of the
pOs7 vector. This resulted in cytoplasmic expression of
the Pr55gag as well as in the release of Pr55gag, which
ould be pelleted by 100,000g centrifugation through a
0% sucrose cushion from the supernatant of infected/
ransfected cells (M. Suzan, unpublished results), sug-
esting that it might be assembled into virus-like parti-
les as previously described for other lentiviral Gag pre-
ursors (Wills and Craven, 1991). In order to visualize
ag-related structures formed within Pr55gag-expressing
cells, infected/transfected CFSM cells were fixed and
processed for transmission electron microscopy at 48 h
posttransfection. As shown in Fig. 3, we could observe
budding at the plasma membrane (black arrowhead) and
release of virus-like particles into the intercellular space
but also budding of a complete ICAP-like structure (Fig.
3A, white arrowhead). Budding and VLP release could
also be seen into intracytoplasmic vesicles of undeter-
mined origin (Fig. 3B). Clusters of ICAP-like structures in
the cytoplasm of the cells with no apparent association
with intracellular or plasma membranes were also
present (Fig. 3C). Immunogold labeling of thin sections of
Pr55gag-expressing cells with anti-p28 mAb revealed that
these ICAPs were the result of Gag assembly (Figs. 3D
and 3E). Sucrose density gradient fractionation of the
PNS from Pr55gag-expressing CFSM cells revealed a sed-
mentation profile of the Pr55gag-related proteins similar
o what was observed in the untreated PNS of CAEV-
nfected cells (data not shown). This result demonstrated
hat despite structural differences with other lentiviral
ag precursors, the CAEV Pr55gag was able to self-
assemble in the absence of any other viral protein and
brane cells expressing the CAEV Pr55gag upon infection with the
e recombinant vector pOs7-gag. (A) Crescent-shaped budding (black
travesicular budding and accumulation of VLPs; (C) intracytoplasmic
ing and ICAP-like structures; black bar 5 100 nm.ial mem
with thappeared to be responsible for the different and concom-
itant assembly pathways of CAEV.
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439DIFFERENT SIMULTANEOUS LENTIVIRUS ASSEMBLY PATHWAYSEndogenous reverse transcriptase activity is
associated only with intracellular mature viral
particles
If the different assembled intracellular forms of CAEV
were the result of different simultaneous pathways of
assembly, they should contain other characteristic lenti-
viral proteins such as the reverse transcriptase enzyme
activity. To test this hypothesis, 5 ml of each density
radient fraction, after the addition of 0.1% Triton X-100,
as analyzed in parallel for exogenous RT activity assay,
here an RNA template and a DNA primer were pro-
ided, and for endogenous RT activity assay, in the ab-
ence of added template and primer. As shown in Fig.
A, in the PNS from an untreated cytoplasmic lysate,
xogenous RT activity was mainly detected in fractions
–13 (d 5 1.15–1.26 g/ml) with a peak of activity asso-
iated with fraction 10 (d 5 1.18 g/ml). Endogenous RT
ctivity was mostly found in fractions 5–8 (d 5 1.13–
.16 g/ml). After trypsin treatment (Fig. 4B), exogenous
s well as endogenous RT activities were essentially
FIG. 4. Determination of the presence of endogenous and exoge-
nous RT activity in the gradient fractions from untreated (A) or trypsin-
treated (B) PNS. Five microliters of each fraction was used in each
assay. Black bars: exogenous RT activity; white bars: endogenous RT
activity.etected in fractions 5–9 (d 5 1.13–1.18 g/ml) coincid-
ng with the main p28-containing fractions detected in
c
pestern blot assay (Fig. 2B). Degradation of the nonen-
eloped forms of Pr55gag by the protease treatment re-
sulted in the drop of the exogenous RT activity in frac-
tions 9–13 compared to the same fractions in Fig. 4A.
These results showed that only in intravesicular envel-
oped mature viral particles, as identified by (i) their re-
sistance to trypsin, (ii) Gag protein pattern, and (iii) sed-
imentation density, both exogenous and endogenous RT
activity were present, whereas in protease-sensitive
ICAP-like structures only exogenous RT activity was
found. We next questioned whether the absence of de-
tection of endogenous RT activity in the immature as-
sembled particles could be due to a defect in genomic
RNA incorporation.
Both ICAPs and intracellular viral particles
incorporated viral genomic RNA
To test whether the different intracellular assembled
viral related structures were able to incorporate viral
genomic RNA, total RNA was extracted from 10 ml of
ach gradient fraction. After DNase treatment, serial six-
old dilutions of the purified RNAs were submitted to
emi-quantitative RT-PCR analysis. Control PCR amplifi-
ations were performed with 2 ml of purified DNase-
treated RNAs and produced negative results (data not
shown). The oligonucleotide primer pair was chosen in
order to amplify the 427-bp 59 untranslated fragment of
the CAEV unspliced genomic RNA encompassing the
R-U5 sequences and the noncoding region upstream to
gag, which contains the splice donor site at position 336
(Saltarelli et al., 1990). Results obtained after blotting the
amplified products onto a membrane and hybridization
with an internal oligonucleotide radioactive probe are
shown in Fig. 5. Two peaks of viral RNA were detected in
fractions 2–13 from the PNS of an untreated cytoplasmic
lysate (Fig. 5A), one associated with fraction 6 and the
other with fraction 10 which corresponded, respectively,
to the endogenous and exogenous RT activity enriched
fractions (Fig. 4A). Fractionated trypsin-treated cytoplas-
mic lysate demonstrated maximum viral RNA in fraction
6 (Fig. 5B), corresponding to maximal p28 protein and
endogenous RT activity (Figs. 2B and 4B, respectively).
Protease treatment did not allow the detection of viral
RNA in fractions 10–13 containing the nonenveloped
forms of Pr55gag. These results demonstrated that all the
ntracellular viral-related structures had incorporated
enomic viral RNA, whatever the ability of their associ-
ted RT protein to use endogenous and/or exogenous
emplate. Altogether, these data suggested that the ab-
ence of endogenous RT activity in intravesicular imma-
ure enveloped or nonenveloped ICAP-like structures,
orresponding to the presence of immature Pr55gag,
ould be the result of the lack of Gag and/or Gag-Pol
rotein processing.
4
D
s
an inte
-treated
440 HAZIZA ET AL.Intracellular enveloped viral particles are infectious
Assembly and budding at intracellular membranes is
an unusual morphogenetic pathway for type-C retrovirus.
In order to determine whether the viral particles released
into intracellular vesicles are infectious, the culture su-
pernatant and the PNS from CAEV-infected cells was
submitted to sucrose density gradient fractionation as
described above and the collected fractions were tested
for their ability to infect CFSM cells. Serial fivefold dilu-
FIG. 5. Semi-quantitative RT-PCR analysis on RNA extracted from ea
10 microliters of sixfold dilutions of each fraction was submitted to RT-P
viral RNA. Southern blot hybridization of the amplified products, using
collected from top to bottom of gradients from untreated (A) or trypsin
FIG. 6. Infectivity test. Serial fivefold dilutions of the freezed and thaw
cells at day 10 p.i. (CAEV-infected PNS), from the corresponding viral s
were used to infect CFSM cells. Ten days after infection, wells were scored for
producing extensive lysis of the cells.tions were used to calculate the end-point infectious titer
associated with each fraction. After 10 days of infection,
cells were fixed, stained, and scored for extensive cyto-
pathic effect. In order to rule out that infectivity might be
derived from cellular plasma-membrane-associated vi-
rus, PNS prepared from CFSM cells infected for 2 h at
°C was fractionated and included in the infectivity test.
ata are presented as the last dilution producing exten-
ive lysis of the target cells (Fig. 6). Infectious particles
dient fraction. After RNA extraction and RNase-free DNase treatment,
amplify a 427-bp fragment corresponding to the 59 part of the genomic
rnal radioactive oligonucleotide probe, is shown. Fractions 1–13 were
PNS (B).
rial contained within the gradient fractions from PNS of CAEV-infected
tant (virus) or from PNS of cells infected for 2 h at 4°C (control PNS)ch gra
CR toed mate
upernainfection cytopathic effects. Results are expressed as the last dilution
o
p
w
c
l
w
s
S
s
p
o
l
p
e
F
t
R
d
p
b
t
l
b
v
a
r
l
1
m
1
1
l
W
w
s
m
v
O
i
A
a
t
y
s
t
1
f
m
b
b
W
t
i
s
i
C
a
(
441DIFFERENT SIMULTANEOUS LENTIVIRUS ASSEMBLY PATHWAYSwere detected in fractions 3–8 (d 5 1.1–1.16 g/ml) from
untreated PNS, whereas fractions 10–13 corresponding
to nonenveloped ICAP-like structures were noninfectious
(Fig. 6, CAEV-infected PNS). No significant infectivity was
found associated with the fractions derived from the
control infected cells (Fig. 6, control PNS). Fractionation
of viral particles released in the supernatant of infected
cells demonstrated that infectivity was detected in frac-
tions 4–6 (d 5 1.14–1.17 g/ml) (Fig. 6, virus). The ability
f lentiviral particles to infect target cells is linked to the
resence of mature viral envelopes at their surface as
ell as to the processing of the Gag and Gag-Pol pre-
ursors. Our observations thus indicate that viral enve-
opes are associated with the intracellular membranes
here CAEV assembly and budding occurred.
DISCUSSION
Compiled information obtained through many different
tudies shows that for some lentiviruses, like HIV and
IV, a cell-dependent budding pathway could be ob-
erved. Indeed, infected CD41 T cells show virus com-
onents assembly and liberation only from the inner face
f the plasma membrane, whereas budding into intracel-
ular membrane surrounded vesicles occurs in macro-
hages (Gelderblom, 1991; Gendelman et al., 1988; Munn
t al., 1985; Orenstein et al., 1988; Pautrat et al., 1990).
urthermore, a recent work seemed to demonstrate that
hese vesicles could be MHC class II enriched (G.
aposo, personal communication). Our current results
emonstrated that these membranes were of intracyto-
lasmic origin, ruling out the possibility that the mem-
rane-enclosed intracellular particles were derived from
he plasma membrane. In the case of the caprine/ovine
entiviruses, CAEV and MVV, concomitant assembly and
udding at the plasma membrane and at intracellular
esicular membranes of infected cells was observed. In
ddition, CAEV or MVV infection of primary target cells
esulted in the intracytoplasmic accumulation of ICAP-
ike structures (Crawford et al., 1980; Dahlberg et al.,
981; Dawson et al., 1983; Gendelman et al., 1986; Lair-
ore et al., 1987; Lee et al., 1996; Narayan et al., 1980,
982; Perk, 1999; Takemoto et al., 1971; Woodard et al.,
982), a feature already described for other lentiviruses
ike EIAV, BIV, and SIV (Gonda, 1992; Munn et al., 1985;
eiland et al., 1977) but not for HIV. These phenomena
ere found in in vivo target cells as well as in in vitro
tudies. Interestingly, CAEV and MVV infect cells of the
onocytic lineage (Narayan et al., 1992) where virus
replication was shown to be related to the stage of
activation/differentiation of the cells (Gendelman et al.,
1986). This might suggest that lentivirus assembly and
budding in monocytes/macrophages, which are mostly
tissue-specific nondividing cells, follows a different path-
way than in dividing activated lymphocytes. However, the
fact that the same morphological characteristics as
p
Nthose described in monocytes/macrophages was ob-
served in CAEV experimental systems, as in this report,
where primary fibroblastic cells derived from explanted
synovial membranes were used, implies that the cellular
context in which viral replication occurs cannot fully
explain the morphogenetic pathways used by the differ-
ent lentiviruses. Intrinsic properties of structural viral
proteins, such as the Gag precursor, may also strongly
direct these phenomena. Our study provides some infor-
mation confirming this hypothesis. CAEV Pr55gag ex-
pressed in primary synovial membrane cells, using a
eukaryotic Gag-expressing vector, was able by itself to
govern the different assembly pathways since the same
electron microscopy pictures as those seen in CAEV-
infected cells were obtained. In comparison, the HIV Gag
precursor expressed in the same goat primary synovial
membrane cells resulted only in budding at the plasma
membrane and release of VLPs (data not shown).
Immunoelectron microscopy confirmed that assembly
and budding at the plasma membrane, or at vesicular
membranes, as well as ICAP-like structures, contained
Gag CAEV antigens. These results are in agreement with
a previous report (Lee et al., 1996) showing that ICAP-like
structures present in MVV-infected macrophages were
the result of Gag assembly and suggest that these len-
tiviruses share morphogenetic pathways unusual for
type-C retroviruses/lentiviruses, since these structures
are characteristics of type-B/D retroviruses. One main
structural feature that differentiates the Pr55gag of CAEV,
MVV (Schultz et al., 1988; Towler et al., 1988), the avian
retroviruses (Schultz and Oroszlan, 1983), and EIAV (Hen-
derson et al., 1987) from other type-C (murine leukemia
irus (MLV)), type-D (M-PMV) retroviruses (Schultz and
roszlan, 1983), or HIV and SIV (Henderson et al., 1988)
s the absence of a myristoyl group at their N-terminus.
vian retroviruses Gag precursors have N-terminal
cetylated methionine, while the fatty acids, modifying
he N-terminus of CAEV or EIAV Gag precusors, are not
et characterized. Whereas MLV and HIV Gag precursors
trictly require this N-terminal posttranslational modifica-
ion for virus assembly and budding (Bryant and Ratner,
990; Gottlinger et al., 1989; Rein et al., 1986), other Gag
rom viruses like M-PMV and SIV, mutated at the site of
yristic acid attachment, were not impaired for assembly
ut for transport and association to the plasma mem-
rane (Delchambre et al., 1989; Rhee and Hunter, 1987).
hether an alternative modification of the Gag polypro-
eins of CAEV, MVV, or EIAV or other structural elements
n the proteins could perform the transport and the as-
ociation to the budding membrane remains to be clearly
dentified. For instance, the N-terminus sequences of
AEV and MVV Gag precursors contain a cluster of nine
rginine or lysine residues in the first 30 amino acids
Saltarelli et al., 1990; Sonigo et al., 1985) reminding the
ositively charged amino acids M domain present at the
-terminus of the Gag precursors of retroviruses/lentivi-
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442 HAZIZA ET AL.ruses characterized as important for binding to the
plasma membrane through electrostatic interactions
(Swanstrom and Wills, 1997; Vogt, 1997).
Our transmission electron microscopy observations
confirmed previously published results describing ICAP-
like structures in CAEV- or MVV-infected cells as incom-
plete or complete rings with an electron-luscent center,
closely associated to ribosomes and clustered in the
cytoplasm of infected cells (Lee et al., 1996; Narayan et
al., 1980; Takemoto et al., 1971). The observed tubular
structures were reminiscent of those detected in in vitro
assembly experiments of the capsid–nucleocapsid por-
tion of the Gag precursors of Rous sarcoma virus and
HIV (Campbell and Vogt, 1995, 1997). In an attempt to
understand the biological role of the Pr55gag-driven ICAP-
ike formation, we further characterized these structures
n CAEV-infected or Pr55gag-expressing cells as nonen-
veloped, protease-sensitive, detergent-resistant high-
density structures, composed essentially (in the case of
virus-infected cells) of unprocessed Gag precursor, and
having encapsidated genomic viral RNA as well as a
functional RT. Whether these ICAP-like structures repre-
sented a developmental stage in the morphogenesis of
ovine/caprine lentiviruses, as described in the case of
type-B/D retroviruses or were the result of abortive
Pr55gag proteins self-assembly during the course of in-
fection is still an open question. Although encapsidation
of genomic RNA is thought to contribute to Gag multim-
erization via interactions through its nucleocapsid do-
main (Campbell and Vogt, 1995), detection of RT activity
in the intracytoplasmic ICAP-like structures is in agree-
ment with the previously reported RT activity in different
virions composed of unprocessed proteins (Kaplan et al.,
1994; Peng et al., 1991; Stewart et al., 1990; Witte and
Baltimore, 1978). For these reasons we cannot rule out
the hypothesis that ICAP-like structures represent an
intermediate stage in CAEV assembly through a type-B/D
pathway. Functional domains within the CAEV Gag pre-
cursor should be characterized, by experimental means,
in order to better understand the molecular nature of this
morphological event.
MATERIALS AND METHODS
Infection and transfection of cells
Explanted goat primary synovial membrane cells
(CFSM) were maintained in MEM medium supplemented
with 10% fetal calf serum, 100 IU/ml penicillin, 100 mg/ml
treptomycin, and 2 mM glutamine. Infection was per-
ormed with CAEV Cork viral supernatants using 25,000
pm/ml of RT activity for each 75-cm2 flask for 2 h at
37°C. Cells were lysed on day 10 postinfection for frac-
tionation experiments or electron microscopy analysis.
Control experiments were performed using 70,000
2cpm/ml of RT activity for each 225-cm flask for 2 h at 4°C
nd cells were lysed immediately after infection. In some
l
Sexperiments, infected cells were treated with trypsin type
XIII (Sigma) before lysis, as previously described (Har-
mache et al., 1995). For transfection experiments, cells
were first infected for 30 min at 37°C with 1 pfu/cell of the
attenuated modified vaccinia Ankara strain (kindly pro-
vided by Dr. G. Sutter, Neuherberg, Germany) and trans-
fected using lipofectamine reagent (Life Technologies)
with 5 mg of the pOs7-gag plasmid for 5 h at 37°C. The
medium was then replaced and the cells were pro-
cessed for Western blot or electron microscopy analyses
at 48 h posttransfection. For infectivity tests, CFSM cells
were seeded into 96-well flat-bottom plates and infected
with a serial fivefold dilution of each gradient fraction that
was freezed and thawed before dilution. Ten days postin-
fection, cells were fixed and stained with May–
Grunewald–Giemsa (Sigma). The infectivity titer was de-
termined as the last dilution producing extensive lysis of
the target cells.
Expression vector
The gag gene was purified from the CAEV Cork mo-
ecular clone after digestion with NcoI and XmnI (posi-
ions 510 and 1857, respectively, according to Saltarelli et
l. (1990) and ligated into the pOs7 vector (provided by Dr
. Moss, Bethesda, MD) at the NcoI–SmaI sites to create
he pOs7-gag recombinant plasmid.
ytoplasmic lysate fractionation
To characterize the different intracytoplasmic parti-
les, infected CFSM cells were lysed and the cytoplas-
ic lysates were fractionated according to Gorvel et al.
1991), modified as follows. Cells were washed once in
old PBS, placed in PBS 0.2% bovine serum albumin
BSA), scraped from the culture flasks using a rubber
oliceman, and centrifuged at 750 rpm for 5 min at 4°C.
he cells were then placed in 0.5 ml of homogenization
uffer (HB) (250 mM sucrose, 3 mM imidazole, 0.1%
elatin) and centrifuged at 3000 rpm for 10 min at 4°C.
ell pellets were resuspended in 0.5 ml HB, 0.5 mM
DTA with protease inhibitors (aprotinin and leupeptin, 2
mg/ml, pepstatin A and antipain at 1 mg/ml, pefabloc at
100 mg/ml) and homogenized by several passages
hrough a 22Gx11/4 gauge needle fitted on a 1-ml sy-
inge. Homogenization was controlled under phase con-
rast microscope. The homogenate was centrifuged at
000 rpm for 10 min at 4°C. Nuclear pellets were dis-
arded and 0.5 ml of HB 62% sucrose solution was
dded to 0.5 ml of the resultant postnuclear supernatant
o obtain a final 40.6% sucrose concentration. A discon-
inuous 10–62% sucrose gradient was set up as follows
bottom to top): 0.3 ml 62%, 0.3 ml 45%, 0.3 ml 35%, 0.6 ml
0%, 0.3 ml 25%, 0.6 ml 25%, and 0.3 ml 10% sucrose. The
iluted 1 ml PNS was applied between the 45 and 35%ayers. The gradient was centrifuged at 35,000 rpm in a
W 50.1 rotor for 1 h at 4°C. Thirteen fractions were
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443DIFFERENT SIMULTANEOUS LENTIVIRUS ASSEMBLY PATHWAYScollected from top to bottom and processed as described
above. The PNSs were either untreated or submitted to
protease and/or detergent treatments before fraction-
ation (Lee and Yu, 1998). Protease treatment consisted in
the addition of trypsin (Roche) to a final concentration of
5 mg/ml for 30 min at 37°C. The enzymatic reaction was
stopped by the addition of soybean trypsin inhibitor
(Roche) to a final concentration of 30 mg/ml. Detergent
treatment was done by adding Triton X-100 1% final, for
10 min, at room temperature.
Electron microscopy
Transfected or infected CFSM cells were detached
from the culture flask by trypsin–EDTA treatment (Life
Technologies), diluted with PBS, and centrifuged at
1500g for 10 min at 4°C. In some experiments, infected
cells were labeled with cationized ferritin (Sigma) before
processing, as previously described (Pautrat et al., 1990).
The cell pellets were resuspensed in Sorensen’s buffer
(0.1 M NaPO4, pH 7.4) and, for structural observation,
fixed with 0.5% glutaraldehyde/1.6% paraformaldehyde
(Sigma), postfixed in 1% OsO4, dehydrated in ethanol,
nd included in Epon resin. Postembedding immunogold
taining was performed according to Berryman and
odewald (1990). Briefly, cells were fixed with 0.5% glu-
araldehyde/0.3% paraformaldehyde, dehydrated in eth-
nol, and included in LR Gold resin (TAAB). Thin sections
100 nm) were treated on nickel grids with 1 M NH4Cl in
TBS (0.4 M Tris base, 69 mM NaCl, pH 7.5), washed in
TBS, and blocked in TBS 0.5% BSA. Sections were incu-
bated at RT for 3 h with the monoclonal antibody 8B1
(anti-p28 CAEV, VRMD, Pullman, WA) at 10 mg/ml in TBS
0.1% BSA, washed with TBS 0.1% BSA, and exposed to a
1:30 dilution of colloidal gold-labeled anti-mouse IgG
(Aurion) for 1 h. After several washes with TBS 0.1% BSA
and distilled water, sections were postfixed with 1%
glutaraldehyde and 2% uranyl acetate and rinsed with
water. Thin sections were performed with an ultratome
MTX (RMC) and observations were made using a LEO
912 electron microscope (Zeiss).
RT-PCR analysis
RNA was extracted from 10 ml of each gradient fraction
using Trizol reagent (Life Technologies), according to the
manufacturer’s recommendations. Three micrograms of
poly-A was added to each tube as carrier. The obtained
RNAs were resuspended in 10 ml diethyl pyrocarbonate
reated H2O and then submitted to RNAse-free DNAse (5
/tube of RQ1 DNAse, Promega) digestion in the pres-
nce of 5 mM MgCl2 for 1 h at 37°C. The DNase was
then heat inactivated (10 min at 65°C). RT-PCR reactions
were performed on 10 ml of sixfold dilutions of RNA,
sing the SuperScript kit (Life Technologies), in 30 ml
final volume, with the following primers allowing the
amplification of the 59-untranslated fragment of the CAEVgenome (R-U5-noncoding region 59 to gag): C30 (for-
ward, positions 1–21), 59-GAGTTCTAGGAGAGTCCCTC-
39; R39 (reverse, positions 427–404), 59-TTCTCGACCAC-
CAAGACCTCTCGC-39. The RT-PCR reaction was as fol-
lows: one cycle of 30 min at 50°C and 3 min at 94°C; then
35 cycles of (1 min at 94°C, 1 min at 52°C, 1 min at 72°C),
ended by 10 min at 72°C. The control PCR reaction was
run in parallel using 2 ml of undiluted RNA and 1 ml of Taq
polymerase instead of the RT/Taq enzyme mix. Twenty
microliters of each reaction was loaded on a 2% agarose
gel. Amplified products were then transferred on Hybond
N1 membranes (Amersham) in 0.4 N NaOH, 1.5 M NaCl
for at least 4 h. The membranes were exposed to UV
transilluminator and then hybridized with the 32P-labeled
nternal U5H oligonucleotide probe (positions 145–125,
9-GTATTGCACAGATTAAGGGAC-39) at 42°C for at least
h. Several washes were performed with 23 SSC 0.1%
SDS: one for 5 min at room temperature, two for 30 min
at 42°C, and two for 10 min at 48°C. The membranes
were then exposed for autoradiography using Kodak
X-Omat films.
RT activity assay
Exogenous RT activity was measured using a modifi-
cation of a previously described method (Harmache et
al., 1995). Five microliters of samples, containing 0.1%
Triton X-100, were added to 20 ml of a reaction mix
containing 50 mM Tris, pH 7.8, 20 mM MgCl2, 20 mM KCl,
2 mM DTT, 0.2 mg oligo-dT, 0.2 mg poly-A (Pharmacia),
and 1.25 mCi [3H]dTTP (Amersham), in a U-shaped 96-
well plate. After 1 h of incubation at 37°C, 5 ml of 300 mM
EDTA was added to stop the reaction. The final 30-ml
reaction was spotted on a DEAE filtermat paper (EG&G
Instruments), air dried, and washed as previously de-
scribed. The filters were counted in a liquid scintillation
Microbeta counter (EG&G Instruments). For measure-
ment of endogenous RT activity, the same procedure was
followed except that oligo-dT and poly-A were replaced
in the reaction mix by 0.1 mM dATP, dCTP, and dGTP and
the reaction was incubated overnight at 37°C.
Western blot
Proteins were separated on 12% SDS–PAGE and trans-
ferred on PVDF membranes (Amersham) using a semi-
dry transfer system (Bio-Rad). The membranes were then
blocked overnight at 4°C in PBS, 0.2% Tween 20, 10%
nonfat dry milk prior to incubation with mAb anti-p28
CAEV (diluted at 1 mg/ml in the blocking buffer) for 1 h at
room temperature. After several washes in PBS 0.2%
Tween 20, peroxidase-conjugated rabbit IgG anti-mouse
Ig (Dako) was added (dilution of 1:2500 in the blocking
buffer) and incubated for 1 h at room temperature. Ex-
tensive washes with PBS 0.2% Tween 20 were performed
before incubation with an ECL reagent (Amersham). The
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444 HAZIZA ET AL.chemiluminescent reaction was revealed by exposure to
Kodak X-Omat films.
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